Normally one expects that flame contact is the major cause of injury and death during fires. Analysis of the factors involved in numerous fires has revealed that most deaths were not due to flame contact, but were a consequence of the production of carbon monoxide, nitrogen oxides, and other combustion products, such as aldehydes, low molecular weight alcohols, hydrogen cyanide, and other noxious species.
Introduction

General Background
Normally one expects that flame contact is the major cause of injury and death during fires. Perhaps the first event focusing attention to the hazards of fire from plastic materials was that of the Cleveland Clinic fire in 1929, in which x-ray films, composed of highly combustible nitrocellulose, caught fire and brought death to 125 persons. Analysis of the death pattern revealed that most of the deaths were not due to flame contact but were a consequence of the production of carbon monoxide and nitrogen oxides. Since then numerous other fires in this country and abroad (Table 1) have also led to deaths, not only due to the actual flames, but to the gaseous products evolved * Flammability Research Center, University of Utah, Salt Lake City, Utah 84112. from synthetic materials. Not too surprising, however, is the fact that research on the toxicological aspects of pyrolysis and combustion during fire exposure has lagged so far behind other aspects pertaining to the flammability characteristics of materials, that even a fair assessment of the toxic hazards cannot be adequately described at this time except in great generalities. The time has passed for the toxic consequences during combustion to be ignored or minimized.
The major emphasis within the scope of this paper relates to the physiological and toxicological aspects of smoke produced during the combustion of materials. Since few definitive studies have been reported in the open literature pertaining to smoke and its effect on humans during and after fire exposure, this report also includes appropriate referenoes and results of recent studies carried out in the Flammability Research Center of the University of Utah. Laboratory procedures which have been developed to qualitate and quantify smoke produced during thermal decomposition processes are also detalled. Finally the effects of fire retardants, both reactive and inert, incorporated into synthetic materials to enhance their flammability characteristics, are reviewed.
Definition of Smoke
A dictionary definition (1) of smoke is "the volatilized products of the combustion of an organic compound, as coal, wood, etc., charged with fine particles of carbon or soot; less properly, fumes, steam, etc."
Gaskill (2) defined smoke as "the airborne products evolved when a material is decomposed by heat or burning (oxidation)." He further states that "smoke may contain gases, liquid, or solid particles, or any combination of these."
Hilado (3) defined smoke as "the gaseous products of burning organic materials in which small solid and liquid particles are also dispersed; smoke can also be defined as solid particles, such as carbon and ash, suspended in air." Hilado further stated "that the broader definition is the more appropriate because the nongaseous portion of smoke from some materials contain significant amounts of tarry or liquid droplets." Thus, little difference is noted among these three definitions of smoke.
Factors Affecting Life Support in Fires
The major factors affecting life support in confined space fires, listed in the order of greatest damages to human survival, are:
(1) reduction of oxygen concentration accompanied by increase in the concentration of carbon monoxide; (2) development of extremely high temperatures; (3) presence of smoke; (4) direct consumption by the fire; (5) presence of noxious or toxic gases; (6) the development of fear. From a toxicological point of view, factors (1), (3) , and (5) become important considerations, since factors (2) and (4) will cause immediate death, while factor (6) may or may not lead to death, depending upon whether a panic-stricken person makes a rash decision such as jumping out of a building rather than waiting for rescue.
Exposure of humans to the various combustible gases normally encountered in fires as well as to the particulate matter in smoke may bring about acute episodes of toxicity, ranging from minor irritant effects to death.
A series of disasters in recent years has focused considerable attention on the growing list of problems connected with the burning of polymeric materials, such as fibers, coatings, elastomers, foams, and reinforced plastics. The crash of the United Airlines Boeing 727 jetliner at the Salt Lake City Airport in November 1965 was one of the most dramatic incidents illustrating the dangers arising from intense heat, toxic fumes, and dense smoke. This tragedy, which took the lives of 43 persons of the 91 aboard, was one of the rare instances of what the Civil Aeronautics Board termed "survivable crash with no fatalities on impact."' Yet the question remained: What was the contribution of the plastic materials inside the plane to the development of fumes and smoke? Previous attempts by industry to fire retard plastics produced improved resistance to flame contact; however, hazards due to smoke generation were, in general, not fully understood and recognized.
Disasters of the Salt Lake City type clearly spell out the need for the use of plastic materials that exhibit both adequate flame resistance as well as low-smoke generation. The necessity exists, therefore, for the development of synthetic materials with these properties and the more accurate evaluation of such materials to permit the prediction of their behavior during fire exposure.
A critical analysis of the hazards to life support in fires involving plastics has been carried out. The burning process takes place in several steps. In the first step, a destructive distillation of the plastic takes place, producing gases whose nature depends on the composition of the material, temperature, and the rate of heating.
Next, oxygen combines with free carbon to form carbon monoxide. At this time dense smoke is usually formed, presenting additional hazards by limiting egress from the fire area. When sufficient oxygen is present, it combines with the flammable gases produced as well as with carbon monoxide. If sufficient excess oxygen is present to combine with all of the combustible materials, the carbon monoxide present burns to form the relatively harmless carbon dioxide. Ordinarily, the products of complete combustion are less harmful than those of incomplete combustion.
In Noxious gases which find their way into the circulation, either because they are odorless or are present in low concentrations, may act in still unknown ways in producing neuromuscular dysfunct;on. The peculiar affinity of carbon monoxide for hemoglobin and cyanide radicals for cytochrome oxidase are two well-known examples of this phenomenon. Other degradation products may also affect oxidative metabolism at various levels, either by influencing oxygen transport or intermediary metabolism. The enzyme systems concerned directly with muscle activation and contraction may also be affected.
Studies comparing responses to hypoxia or various types of CO interaction have disclosed significant differences. Since arterial Po2 may be normal despite a reduced oxygen-carrying capacity, reflexes which normally increase respiratory rate and tissue blood flow may not be activated (10, 11) . Recovery from hypoxia associated with CO intoxication is greatly prolonged in comparison to recovery from hypoxia alone (12, 13) .
A reduced partial pressure of oxygen is found in the poorly ventilated environment in Environmental Health Perspectives which combustion occurs. Combined with the pressure of carbon monoxide and other gases impairing oxidative metabolism, very little reduction in ambient oxygen may be lethal. From observations of subjects at high altitude, lassitude and lack of motivation progressing to somnolence are primary behavioral responses during hypoxia (14) . These effects threaten survival both at high altitude and during accidental fire. The ability to continue automatic motor activities, such as running, depends both upon the central nervous control of this activity and on the neuromuscular system. The ability of these systems to continue normal function during fire exposure must be determined. It should be possible to assess the relative importance of the central nervous and peripheral neuromuscular systems which may be responsible for loss of motor control. occur in the tracheobronchial tree because of the low specific heat of gases. Moritz (21) conducted experiments on dogs using hightemperature torches as the source of combustion. This study seemed to indicate the physical impossibility of caloric damage. In 1968, Zikria et al. (22) and Stone (23) demonstrated heat fixation of the tracheal mucosa in fire victims as well as the presence of varying degrees of injury to the tracheobronchial tree. All of the victims who had severe tracheobronchial damage were dead at the scene of the fire or soon thereafter.
Smoke Poisoning
Zikria (19) indicated that smoke poisoning was a primary diagnosis in 119 victims of the 185 early burn fatalities studied (Table 3) .
Lethal levels of carbon monoxide poisoning were discovered in 45 of the 185 early deaths studied by Zikria (22) (Table 4 ). 
Environmental Health Perspectives
In real fire exposure it becomes nearly impossible to ascertain which one or two agents (excluding absence of oxygen, presence of carbon monoxide, and perhaps direct evidence of large quantities of particulate matter in the upper respiratory tract) caused death. It becomes even more difficult to ascertain the toxic potential of a specific material when it burns or is heated. Presently, the most widely used approach is to have some knowledge of what gases are formed and to seek toxic information (LD50) on the individual compounds if such knowledge is available. This method of evaluating the potential hazard of a given species of toxic gas leaves much to be desired. Little useful information can be gained from a LD50 study; for example, this type of study measures only death, does not relate the effect the toxicant may have on the survival response, and does not consider the possible long-term effects which do not manifest themselves during the normal 14-day observation period. LD50 experiments shed little light on the mechanism of death and thus do not provide information necessary for a system or engineering design for fire safety.
The problem of identifying the role of a single product on life support or the survival response becomes greatly magnified, since the combination of products being inhaled may not, and generally do not, produce the same biological response as when only one of the compounds is inhaled.
When man is placed in contact with a chemical agent, it can produce an acute toxic effect in a number of ways: the compound may act as a primary irritant upon the skin and/or mucous membrane; the compound may be absorbed into the blood stream, leading to definite toxic symptoms and signs, and which may result in death on continued exposure; the compound may be absorbed in very low con (24) evaluated the effect of oxygen concentration as it pertains to human response during fires. Table  5 summarizes the signs and symptoms of toxicity caused by reduced levels of oxygen due to fire conditions. Shorter et al. (25) reported that temperatures in excess of 300°F (149°C) 6-8 min acid, formaldehyde, acetaldehyde, acrolein, low molecular weight ketones, and alcohols. During the early stages of a fire, the smoke may contain so little carbon monoxide that the major injuries resulting from smoke inhalation may be caused by these irritants. These attack the mucous membranes of the respiratory tract and create conditions favoring the onset of pneumonia. In cases of actual exposure, the physiological effects of inhaling smoke depend upon its physical state. When smoke is very hot, it will destroy the tissues by burning, regardless of its chemical composition; when cooled, the smoke may be nonirritating because the irritants may have been removed by condensation and settling. Consideration must also be given to the size of the particulates entrapped in the smoke. If these materials are large, they may be easily removed by ciliary action within the body. If show that the sum of the toxicity potential of two or more gases or vapors may be synergistically enhanced. In a fire, the toxicity of such mixtures may be further increased by low oxygen concentrations and high temperatures. Carbon dioxide, for example, causes stimulation of the respiratory center of the brain, and if inhaled in excess during a fire, it causes an abnormally high intake of other toxic gases which may prove fatal.
Although the lungs and associated structures are principal sites of action for irritant fire gases, corrosive vapors such as acids and acetaldehyde will also affect the unprotected skin and the cornea of the eye. Whatever the tissue exposed, the effect will cause inflammation. If the concentration of irritant gas or vapor is high or the exposure prolonged, fluid drawn from the blood and tissues accumulates in the respiratory organs. This condition is called tracheal, bronchial, or pulmonary edema, depending on the level in the respiratory tract which is affected.
Toxic Effects of Gases and Thermal Degradation Products Oxygen
The important factor is the absence of oxygen rather than the release of oxygen due to burning or pyrolysis of polymeric materials. Complete lack of oxygen will lead to death within a few minutes, and decreased concentrations of oxygen in the air will produce a number of signs and symptoms of hypoxia in persons exposed to that environment. Even if death does not occur due to the lowered levels of oxygen in the immediate atmosphere, insufficient supply of oxygen to brain tissues for short periods of time will produce irreparable brain damage. Concentrations of oxygen higher than this but still below normal ambient levels will affect the brain cells in a reversible manner, but during this period the person will have behavioral changes which may produce faulty judgment, the consequences of which may be grave injuries to himself as well as to others (Table 5) .
Carbon Monoxide
Of all of the gases generated in burning of organic materials (both natural and synthetic), (27) reported on the physiological response to various concentrations of carbon monoxide (see Table 7 ). In order to determine the relationship between the concentration of carbon monoxide in the air and the CO-Hb content, several investigators have exposed laboratory animals at various concentrations of carbon dioxide and measured the time required to reach a given blood level. Table 8 summarizes the work of Hofmann and Oettel (28) pertaining to the blood CO-Hb levels between rat and man.
It should be recognized (as illustrated in In recent years, attention has been given to possible toxic effects of carbon monoxide at levels where signs and symptoms of toxicity are not noted, as for example, below 10%7o CO-Hb. Schulte (26) Consideration must also be given to methods which favor the rapid reversal of the concentration of carboxyhemoglobin in the blood. Einhorn et al. (9) exposed laboratory animals exhibiting convulsions during the agonal episode, which is consistent with a cerebral hypoxia due to carbon monoxide poisoning, to pure oxygen. The convulsions ceased within 1 min and the animals were grooming themselves within 30 min. Also, Kishitani (29) exposed mice to fresh air after carbon monoxide exposure and observed a rapid return to normal carboxyhemoglobin levels. Packham (30) reported similar results using Sprague-Dawley and Long-Evans rats. He reported that the loss of avoidance response is not rigidly dependent upon a critical CO-Hb level, but rather is strongly affected by the rate at which the CO-Hb levels are reached and the protocol of the experiment.
In present studies the level of toxicity is described in terms important to survival of the animal, e.g., its ability to escape from a noxious environment. It is the object of this study to describe the physiological status of the animal at selected stages of toxicity.
Definition of Levels of Toxicity: For the purpose of the carbon monoxide experiments, five levels of toxicity have been defined by Petajan and Packham (31) The conditioned avoidance response has been modified so that it can be determined with the animal in the sling. The rat's rear leg is affixed to a lever which stabilizes and controls the direction of leg flexion and to which a weight can be added to compel the rat to exert force when withdrawing the leg. A metal plate that activates a relay lies beneath the foot, which when touched, delivers a shock to the rat's leg by means of a fine needle electrode inserted just beneath the skin of the leg. A strobe light provides a warning signal, which is followed in 5 sec by a shock. The warning signal and shock are delivered every 10 sec for a period of 1 min, with a 1-min rest period in between. Rats can be conditioned to avoid the shock in response to the warning light, that is receiv- Packham, Petajan, and Frens (33) have used the protocol described previously to monitor animal response to simulated conditions which may be encountered in "real fires." The following types of experiments have been carried out: determination of carboxyhemoglobin and vital functions when the survival response is lost; determination of influence of a given level of intoxication upon the acquisition rate of the survival response; determination of the loss of the learned survival response as a consequence of a given level of intoxication; determination of the alteration of nervous system function, such as peripheral nerve conduction velocity, spinal reflex activity, and cortical activity which accompany loss of the operant response.
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In summary, the above experiments examined conditions responsible for the acute loss of the survival response, as well as its loss or impaired acquisition as a late sequela of carbon monoxide exposure.
Sensory and motor nerve conduction in the ventral caudal nerve has been determined in vivo in rats reaching Levels 3 and 4 by Petajan, Packham, and Frens (33) . Fine 26-gauge needle monopolar electrodes were used for stimulating and recording the evoked muscle or nerve action potential. Initial experiments determined the change in conduction velocities following exposure to Level 3. At Level 3, carboxyhemoglobin ranged from 60%o to 80%b.
The control conduction velocity was 26-28 m/sec. Animals exposed to Level 3 had a greater than 20%So decrease in conduction velocity within the first hour after exposure.
In 50% of the animals, the nerve became unresponsive after the first hour. Conduction remained significantly decreased for hr, then tended toward normal, but remained eratic over the next 4 weeks. Sensory nerve conduction was most affected. An important observation of these experiments was the continued decrease in conduction following removal from the chamber. This effect is compatible with the observation that carbon monoxide migrates into muscles and other tissues from blood during hypovolemic shock (34). Animals exposed to Level 4 developed neuropathy similar to that seen at Level 3, but an additional effect was seen as well. Following the recovery period, neuropathy sometimes developed again as a late sequela.
Using the animal model, conduction velocity was determined during the course of exposure to carbon monoxide. In a second series of experiments, conduction velocity was followed through all levels to Level 4. The continued decrease in velocity following exposure to room air was observed. Follow-up studies were conducted every week in conjunction with detailed pathological studies of the nerves and other tissues.
The essential observation of this experiment was that attainment of Level 3 was essential for the development of latent pathology. At this level conditions prevail which allowed the "penetration" of carbon monoxide into tissues. Apparently metabolism was affected in such a manner that processes essential to cell function were impaired.
Pathologic Changes in Rats Exposed to Carbon Monoxide: Electron microscopy of the peripheral nerves have shown striking changes due to the effects of CO on rats. At Level 2 where the animal appeared to lose his survival response, gross and light microscopic pathological studies of brain, spinal cord, peripheral nerves, and internal organs of animals sacrificed immediately after removal from the chamber have shown no differences from control animals.
Level 3 was the level of motor collapse or loss of postural tonus. Ten of the rats at this level were studied grossly and by light microscopy 30 days after exposure. Brain, spinal cord, organs, and peripheral nerves showed no differences from control animals on light microscopy examination. However, changes were seen with the electron microscope at the nodes of Ranvier of peripheral nerves (also seen in animals exposed to Level 4 Ventral caudal and peroneal nerves from rats exposed to the anoxic shock level of CO intoxication were examined 7, 10, 14, 21, and 28 days after exposure. Light microscopy of the nerves did not reveal any abnormalities to account for the decreased conduction velocity. However, with electron microscopy changes were seen at the node of Ranvier, both in large and small myelinated nerve fibers. The changes were more severe in large myelinated fibers than they were in small fibers.
The speed of progression of damage and repair depended on the size of the fiber and somewhat on the individual animal studied, but the steps in the progression appeared the same for large and small fibers. Most, though not all, nodes showed these changes. Normally a thin sheet of cytoplasm from the Schwann cells on either side of the node or fingerlike processes from the Schwann cells make contact at the center of the node. Each Schwann cell also sends fingerlike processes vertically toward the axolemma (Fig. 3) . After exposure to CO the major portions of cytoplasm from the Schwann cells from both sides of the node appear to retract and disengage. The many fingerlike processes also appear to retract into the main mass of Schwann cell cytoplasm. The myelin terminals may remain attached to the axolemma in small fibers. The myelin lamellae are stripped away from one another. The myelin terminals and adjacent myelin are completely or partially destroyed in many large fibers, with myelin figures appearing in the Schwann cell cytoplasm and axoplasm. Figure 4 shows that the first-formed myelin terminals are sometimes preserved. At the time of greatest destruction the axon is frequently covered by only a thin sheath of Schwann cell cytoplasm and basement membrane or basement membrane alone. The axoplasm at this point is swollen. In larger diameter fibers, microtubules and neurofilaments are disrupted in this area as well (Fig. 5) . Largesized fibers are most severely damaged. 28 days. The first step in repair appears to be swelling of the Schwann cell cytoplasm or production of processes to cover the bare node (Fig. 6) . From 14 to 28 days the fingerlike projections of Schwann cell cytoplasm begin to appear at the node (Fig. 7) .
Complete joining of thin layers of Schwann cell cytoplasm or fingerlike processes from (Fig. 9) . These changes could still be seen 28 days after exposure.
Following exposure to CO a few unmyelinated axons exhibit swelling and loss of internal structure, but most appear normal. In our experiments we have studiea the brains and spinal cords of rats exposed to the anoxic shock level of CO intoxication at various times after exposure by light microscopy only. Six animals were studied 7 days after exposure, two animals 14 days after exposure, two animals 21 days after exposure, nine animals 28 days after exposure and four animals 2 months after exposure. There was no apparent loss of neurons from the central nervous system grey matter or demyelination or necrosis of white matter in any animal. However, exposed rats did show difficulty in learning a conditioned response 30 days after exposure when compared with control rats. This is evidence that CO probably produced some central nervous system damage.
Recently, Miyagishi (35) has shown electron microscopic lesions in the cells of the white and grey matter of rats exposed acutely and chronically to CO. These consisted of marked dilatation of the endoplasmic reticulum of the oligodendroglia, the central nervous system equivalent of the Schwann cell. Abnormalities of some myelin sheaths were also noted. Neurons showed some fragmentation or dilatation of rough endoplasmic reticulum and golgi, but no mitochondrial changes.
Comparison of the Results of Carbon Monoxide Intoxication in Rats and Humans: It may be asked what these lesions in the peripheral nerves of the rat have to do with the Environmental Health Perspectives nervous system changes produced by CO in the human. Peripheral neuropathies occur in humans following CO exposure but are thought to be rare (36, 37) . However, they may be more common than is thought, since the neuropathy may be mild and fleeting, with central nervous system manifestation so severe that the neuropathy is overlooked. Also, the rats rarely showed severe clinical evidence of neuropathy; similarly, affected humans might not notice any neurological deficit.
The most common human consequences of CO poisoning are seen in the central nervous system if the patient survives long enough. This consists of loss of neurons, astrocytosis, and sometimes necrosis of the globus pallidus, cerebral cortex, hippocampus and Purkinje cells of the cerebellum. There is variation in pathology not completely related to the degree or length of exposure to CO. About 10%b of patients who survive show "pseudorecovery," that is, they appear to awaken from coma and normalize, only to deteriorate mentally and neurologically weeks or months later (38) . This is usually due to delayed demyelination and necrosis of the central nervous system white matter.
Recently we encountered a 21-year-old patient who was exposed to CO for an unknown period of time to an unknown CO-Hb level. He was admitted to the hospital in a comatose condition and remained in coma for almost a month. Following this, he began to regain function. Approximately a year after his admission he was able to return to college, although he had residual spasticity of the lower limbs, some inappropriateness and emotional lability. He drowned while scuba diving 18 months after admission. At autopsy the brain showed evidence of possible loss of neurons only in the globus pallidus, with other grey structures appearing intact. There was loss of myelinated fibers from the long tracts of the spinal cord and active demyelination of the cerebral white matter. The cause of the demyelination in CO poisoning is unknown, though it is well known that cyanide and hypoxia can also produce necrosis of white matter in primates and humans (39) (40) (41) (42) (43) .
Carbon Dioxide
All fires will produce some levels of carbon dioxide which, in turn, may be inhaled by those in the vicinity of a fire. Since C02 is an important constituent of the body process, CO2 is not considered a toxic agent at normal concentrations. Inhalation of carbon dioxide will, however, stimulate respiration which, in turn, will increase inhalation of possible toxic components from the combustion and noncombustion gases present from the fire. It is not correct to assume, however, that toxic signs and symptoms will not occur in man. For example, inhaling of CO2 in concentrations of 10%o have caused headaches and dizziness, as well as other symptoms in segments of test groups. Higher concentrations (above 20%o) can lead to narcosis in animals and in most people.
Sulfur Dioxide
Certain natural materials, as well as manmade materials such as natural and synthetic rubbers, may have sufficient sulfur content to generate sulfur dioxide directly or indirectly when the materials are exposed to heat and fire. This gas (SO2) is a pungent, heavy gas and is extremely toxic to animals and humans (44) . The threshold limit value (TLV), i.e., the concentration as a weighted average over an 8-hr period of a compound in the air which, if exceeded, may cause toxic signs and symptoms, is given as 5 ppm. Sulfur dioxide, in contact with water (moisture), will form sulfuric acid which, in turn, produces the extremely irritant response when the gas has contact with skin. Mucous membranes, in particular in the respiratory tract and in the eye, are highly susceptible to the irritant effects. Exposure to high concentrations of the gas lead to death, most likely because of asphyxiation (blockage of air transport in the upper respiratory tract). Chronic exposure to sulfur dioxide appears to have greater toxic effects upon those having cardiorespiratory diseases than those not suffering with these ailments. Epidemiologic studies have also led to suggestions that a cause-effect relationship may exist for the high incidence of death during episodes of smog.
Hydrogen Cyanide
Hydrogen cyanide is produced in varying concentrations from many nitrogen-containing organic compounds during pyrolysis or combustion. Since hydrogen cyanide is a highly endothermic compound, its concentration will increase as the temperature of combustion rises and may form as the result of nitrogen fixation processes.
Cyanide reacts with Fe (III) of the cytochrome oxidase in the body, thus preventing the utilization of oxygen by the tissue (blocking of intracellular oxygen transport).
Concentrations above 20 ppm in the air are considered as dangerous to health. Initial inhalation of HCN vapors will cause a reflex stimulation of breathing which, in turn, will lead to greater concentrations of the gas entering the body. The cause of death is paralysis of the respiratory center of the brain. Table 9 presents a summary of symptoms in humans in relation to the HCN concentrations in the air (45) .
Hydrogen Chloride
Degradation of poly(vinyl chloride) produces hydrogen chloride as one of its major degradation products. On combining with water, hydrogen chloride forms hydrochloric acid. This compound will cause destructive damage to mucous membranes. If inhaled, the upper respiratory tract will be severely damaged and this may lead to asphyxiation and death. Tables  10 and 11 present a summary of the toxicological effects to HCI to humans and animals (45) .
Aliphatic Hydrocarbons
Thermodegradation of all organic polymers will produce a variety of aliphatic compounds (44) having a range of molecular weights.
The lower molecular weight compounds will produce narcosis in animals and man but the biological activity decreases on going to higher members of the series. With certain polymers unsaturated hydrocarbons may be present when the polymer is degraded which will generally have a greater toxic effect than the corresponding saturated compounds. In these mixtures there may also be present acids, alcohols, and aldehydes, each contributing a toxic property. Table 12 summarizes the maximum allowable concentrations of common aliphatic hydrocarbons (44) .
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Aromatic hydrocarbons (44) starting with benzene and leading to other aromatic structures, will have irritating properties as well as systemic toxicity. As the structure of the aromatic molecule is altered, the toxicity may be increased or decreased. Several aromatic compounds, such as benzene, may be absorbed not only by inhalation but also by absorption through the skin. Levels of 100 ppm and above are considered dangerous to health. Styrene is a depolymerization product of polystyrene and is considered as safe in concentrations below 100 ppm. Levels above 100 ppm can produce irritation to mucous membranes, symptoms of toxicity, and impairment of neurological functions.
Acrolein, Formaldehyde, Acetaldehyde, Butyraldehyde Acrolein, formaldehyde, acetaldehyde, and butyraldehyde are examples of low molecular weight compounds which are commonly found in the smoke from pyrolysis or combustion of plastic materials. Acrolein is a three-carbon compound possessing the chemical formula CH2CHCHO. This compound, due to its extreme lachrymatory effect, serves as its own warning agent. It affects particularly the membranes of the eyes and respiratory tract. The maximum allowable concentration (MAC) is 0.1 ppm. Table 13 gives concentrations of acrolein and other toxic aldehydes found in the smoke released during the combustion of several common materials (22) .
Zikria pointed out in a recent paper (22) that carbon monoxide alone cannot account for the pulmonary edema and tracheobronchial and pulmonary parenchymal damage resulting from 
Analysis of Combustion Products
As discussed previously, the products produced during the combustion of natural and synthetic materials are many and varied. Some of the degradation products are produced in copious amounts, while others may be produced in trace quantities that render detection extremely difficult. Additional complications manifest themselves in potential cross-reactions resulting from products of decomposition which may result in a very short half-life for the original products.
It should be noted that such factors as the density, geometry, altitude, and surface area of the material, as well as many physical factors which include but are not limited to environment, rate of heating, energy flux, presence of a pilot flame, degree of ventilation, development of a char structure, can greatly influence the mechanism of decomposition and the products resulting from the decomposition process. Within the scope of this paper, three separate and distinct processes will be considered, i.e., pyrolysis, oxidative degradation, and flaming combustion.
Computerized Analytical System
Two computerized analytical systems are employed in the Flammability Research Center: a gas chromatograph/quadropole (electron impact) mass spectrometric system and a gas chromotograph/chemical ionization mass spectrometer system.
The computerized analytical system utilizing the quadropole mass spectromer is shown schematically in Figure 10 . Samples may be introduced into the analytical system as gases, liquids, or solids. A brief description will be given here for the pyrolysis procedure using the solid pyrolysis probe. Weighed samples are placed in the pyrolysis probe and pyrolyzed directly into the inlet of the gas chromatograph. A delayed mode is used during which time, the sample was permitted to reach equilibrium with its environment. Pyrolysis temperatures ranging from 300 to 1000°C are obtained by varying the amperage supplied to the filament probe. A 6-in. stainless-steel insert, filled with glass wool, is connected as a precolumn filter to prevent large particles from reducing the flow rate of the effluents. A research gas chromatograph, capable of subambient operation, was employed for the separation of the decomposition products. The system has available three detectors, a thermal-conductivity detector (TCD), a flame-ionization detector (FID), and an electron-capture detector (ECD). Any two of these detectors can be used simultaneously by using a splitter. For the results reported here, the thermal conductivity detector and flame ionization detector were used. A splitting ratio (TCD to FID) of 10 to 1 was employed.
A list of columns commonly employed to separate the products resulting from thermal decomposition of natural and synthetic materials is presented in (48) is used to calculate the amounts of products obtained from the thermal degradation of the materials being studied.
The identification of materials separated by the gas chromotograph is obtained by using a modified quadropole (known as a dodecapole) mass spectrometer. This system completely scans a mass range of 1 to 600 amu in 2 sec. This is fast enough to permit spectral identification of separate GC peaks in real time. In the periodic scan computer-controlled mode, the mass spectrometer repetitively scans a complete GC run and stores all of the data on a disk.
The use of computers for the interpretation of chemical spectra has been covered thoroughly in the literature (49) (50) (51) (52) (53) (54) (55) (56) (57) . The actual search proceeds through a comparison of the unknown spectra with the complete set of library spectra on some selected subset of these spectra. The selection of the subset usually involves some known characteristics of the unknown compound, such as molecular weight, empirical formula, etc.
The principal aim of the search routine is to relate known spectra which "best fit" the unknown, according to a preselected criterion.
Conventional mass spectrometry techniques (electron impact ionization) often impart enough energy to the ions formed that fragmentation is so extensive as to preclude sample identification. When this presents a problem, chemical ionization techniques may be used.
Chemical ionization (CI) mass spectrometry is a technique first described by Field et al. (58) in which ions are produced by chemical reactions in the gas phase, rather than by impact of energetic electrons. The technique is carried out by allowing an electron beam to impinge on a reagent gas at a pressure of approximately 1 torr. Ion-molecule reactions will take place in this environment to produce electronically and thermally deactivated ions which may then react with the species under investigation. Since the cross section for ion-molecule reactions is greater by a factor of 50 or more than that for electron-impact reactions and the material under analysis is present in low concentration (approximately 0.01 %), nearly all ionization of the sample is produced by proton-transfer reactions. These "chemical" reactions are of considerably lower energy than reactions involving ionization by electron impact. Typically, the energies liberated in proton-transfer reactions are 5-20 kcal/mole, depending on the reagent gas used. When the ionization energy is of this low magnitude, typically only pseudoparent ions (ions having gained or lost a proton) are formed, and decomposition of these ions does not take place. The result of tert-butyl ions (from isobutone reagent, with a 5 kcal/ mole transfer energy) reacting with alkanes, alkenes, drives, etc., produce pseudo-parent ions by a hydride abstraction mechanism. The CI method becomes the method of choice for June 1975 was obtained from the tabulation of the corresponding mass spectrum of a particular GC peak. To aid in identification, the Aldermaston library of mass spectra data was available for computer searching. As an additional aid, retention indices based on the principle of Kovats (60, 61) were determined for all compounds on the columns used. Thus, the combination of retentive index and mass spectral data allowed identification of all major pyrolysis products. Quantitative analysis of the pyrolysis products was facilitated utilizing the peak area recorded by the interfaced electronic integrator. The peak areas were corrected for response factors (48) and referenced to ethanol as an internal standard for quantification. Figure 11 presents a typical chromatogram (59) obtained from the pyrolysis of the flexible urethane foam with the major peaks numbered and the identification of these peaks given in Table 15 (59) . Table 16 presents a summary of the quantitative analysis (59) of pyrolysis products obtained from the flexible urethane foam when it was subjected to temperatures ranging from 300 to 1000°C.
The major constituents eluted from the Chromosorb 101 columns are oxygen-containing compounds which result principally from the breakdown of the polyol. These conclusions were confirmed by the pyrolysis of the pure polyol. In order to insure that nitrogen-containing compounds were being irreversibly absorbed onto the chromosorb 101 column, Chromosorb 103, a porous polymer designed to separate nitrogen-containing compounds, was used. It should be noted that all major peaks observed on Chromosorb 101 were also observed on the Chromosorb 103 column. Table 17 presents compounds obtained by using the Chromosorb 103 column (59) . Several nitrogen-containing compounds, such as propanitrile, methylpyridine, and benzonitrile which did not elute with the Chromosorb 101 column were observed.
Pyrolysis and Combustion Studies
Chemical analysis of degradation products Figure 12 presents chromatograms obtained during laboratoryscale pyrolysis and combustion experiments involving the flexible urethane foams. Initial examination of the chromatograms presented in this figure showed definite changes in the nature of decomposition products. Of particular significance is the peak identified as hydrogen cyanide in the combustion chromatograph that does not appear in the pyrolysis chromatogram. Considerable additional research is required to determine whether many of the potentially noxious or toxic products produced as a consequence of pyrolysis or combustion may contribute to loss of the survival response and death or whether under certain conditions many of these products are actually destroyed themselves by cross reactions or actual flame exposure.
Effect of Fire Retardants
The importance of fire retardants to the overall growth of the plastics industry has led to the introduction of many new fire-retardant compositions with increasing frequency during the past decade. Although this expanding research in the field of fire retardation of polymeric materials has uncovered many new facts about the mechanism of the degradation process, the technology of fire retardancy in polymer compositions still retains a high degree of empirical character. The incorporation of halogen atoms into a polymeric composition, either as an additive or by chemical reaction, decreases the flammability of the material when exposed to an ignition source. A combination of antimony oxide and halogen is more efficient, as a fire retardant, in many materials, than either of the individual materials alone at the same total concentration. In other words, the combination of antimony and halogen displays an efficient synergism as a fire-retardant system.
The addition of some phosphorus compounds of specific structures retard the burning of many plastics (62) .
A combination of phosphorus and halogen compounds or phosphorus and nitrogen compounds may also exhibit considerable synergism as a fire-retardant system.
The most efficient combination of fire retardants varies considerably, depending upon the chemical structure of the material to which it is applied. Einhorn (63, 64) has presented several extensive reviews covering the chemistry of fireresistant materials, suppression, and the methodology of fire retardance of polymeric materials.
To date, the major concern of those engaged in the development of fire retardant materials has been the reduction of the ignition tendency and flame propagation. It is becoming well recognized that further studies are necessary to determine the physiological and toxicological consequences resulting from exposure to the thermal degradation products of materials containing fire retardants. Table 18 illustrates the differences which were observed (19) in the nature and concentration of degradation products during the pyrolysis and combustion of a urethane polymer system with and without the incorporation of a reactive fire retardant. Similar differences have been observed during the thermal degradation of natural and synthetic materials.
Conclusions
Improved laboratory techniques have been developed and are being used to provide fundamental information relating to the thermal decomposition of materials. A basic experimental protocol has been established and is The methodology reported here will be applied to large-scale fire simulation tests to determine the effects of composite materials in situations designed to model ignition and fire growth. Hopefully the results of this research will provide information which can then be utilized in the development and promulgation of more realistic hazard standards for evaluating materials to be used in the "built-environment." An effective premarket screening procedure coupled with a realistic protocol considering both risk analysis and cost effectiveness and coupled with an engineering systems approach encompassing early warning detection equipment and a fire suppression system will reduce the toll in lives and property extracted on society as a consequence of unwanted and uncontrolled fires.
